For the daily use of hydrogen storage materials, not only their intrinsic storage properties are important, but also equally important is the performance under practical conditions. Besides the techniques already available for the fundamental characterization of storage materials, there is a growing need to test storage materials under conditions resembling day-to-day use. For that we developed and tested a downscaled hydrogen storage reactor with which it is possible to monitor the hydrogenation behavior under nonideal conditions. Here we present a characterization of the developed reactor setup which enables a fast screening of storage materials. For characterization and calibration purposes, we use the rather well-documented LaNi 5 -Al alloy as reference. The found experimental results agree well with the properties of LaNi 5 -Al as reported in literature. Our results show that this reactor setup enables an efficient screening of new developed storage alloys under realistic conditions and is therefore complementary to the already existing characterization setups.
I. INTRODUCTION
The increasing demand for clean energy has resulted in a worldwide interest in hydrogen as energy carrier as a potential long term solution to the growing energy use. It is expected that the global energy consumption will nearly double at 2050 which will put the production and use of fossil fuels under enormous pressure. Therefore to establish the transition toward a sustainable hydrogen based economy, the numerous scientific and technological hurdles must be unambiguously overcome between the current state of hydrogen production, infrastructure, utilization and storage, and those required for an actual day-to-day use. A key role in the transition toward a sustainable hydrogen based society is the efficient storage of hydrogen. Moreover, on-board hydrogen storage for mobile applications is a focal point of attention due to the zero emission prospects beneficial to especially the cities' air quality.
Under ambient conditions, hydrogen gas has a low density and therefore storage in high pressure cylinders, as a cryogenic liquid, or physisorbed/chemisorbed in solids is required.
1 Solid sorbents, especially metal hydrides, are attractive candidates as they are intrinsically safe and allow for a very high volumetric storage capacity. However, hydrogen storage by means of metal hydrides faces huge challenges in the transition from laboratory research scale to actual applications.
To that the U.S. Department of Energy (DOE) has established, in the framework of the DOE Hydrogen Program, technological targets for the development of an efficient onboard hydrogen storage tank. For 2015, the aim is at a system gravimetric storage capacity of 5.5 wt. % with a corresponding filling time of ∼3.3 min for 5 kg H 2 . Besides the storage a) Author to whom correspondence should be addressed. Electronic mail:
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capacity, the heat development in the metal hydride during hydrogenation requires special attention. For example, filling a tank under these conditions, with an enthalpy of formation of 35 kJ/mol H 2 , results in a heat release of ∼450 kW.
2
Depending on kinetics, thermodynamics, and heat transfer in the metal hydride bed, this will pose strong requirements on the heat management of the storage tank. [3] [4] [5] [6] Heat and mass transfer through a hydride bed is a complex phenomenon where many possible mechanisms of heat transfer, viz., conduction, convection, and radiation are involved. So far many studies have been performed which aimed at understanding and optimizing metal hydride storage tanks by numerical models including studies on the heat and mass transfer processes in the metal hydride. These studies range from one-dimensional models with conduction, conduction plus convection, convection plus radiation, to two-dimensional and three-dimensional. 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Some of these numerical studies are accompanied by experimental investigations for validating the developed models directly [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] as well as determining the hydrogenation characteristics of the metal hydrides [30] [31] [32] [33] [34] [35] [36] and in addition empirical relations on effective thermal conductivity are obtained from experimental work. 30, 31, 34, 37, 38 However, relatively little work has been done on the design and development of a realistic (downscaled) hydrogen storage tank or reactor to make the step from laboratory scale to applications for daily use. 39 Furthermore, for any application, only a high storage capacity is not enough and issues such as ab(de)sorption rate, chemical/mechanical stability, poisoning, heat and mass transport under realistic and cyclic conditions, and last but not least upscaling of the metal hydride synthesis method are equally important.
In this paper, the design and development of a hydrogen storage reactor are described with which it is possible to characterize and study the hydrogenation behavior of a metal hydride bed under loading conditions characteristic for possible applications. This reactor setup is unique as it enables one to test the influence of the heat and mass flow, temperature effects, flow or "dead-end" reactor loading, bed stability, storage capacity, filling times, grain size, and contamination effects, simultaneously. To illustrate the performance, we use the rather well-documented LaNi 5 -Al compound as reference and calibration. [40] [41] [42] [43] [44] Although the experiments are nonequilibrium measurements, the results are comparable to classical pressure composition temperature (PCT) measurements. The aim of this paper is on setup development and characterization and thereby addressing the topics indicated below. Furthermore, based on our findings, practical storage systems are discussed and the performance of this reactor will be compared to other (conventional) characterization techniques used for sorption research, i.e., Sieverts and thermally programmed desorption (TPD)-like setups.
Topics:
r Calibration, correction, standardization factors. 
II. METHODOLOGY

A. Reactor design
The aim is to design and develop a hydrogen storage reactor with which it is possible to characterize newly developed storage materials over a broad range of hydrogenation conditions relevant for practical applications. Based on literature data concerning hydrogenation kinetics, thermodynamics, a storage capacity of up to 7.6 wt. % (MgH 2 ), and a filling time of 1800 s, we estimated the mass flows and heat management required for filling a metal hydride reactor of 125 cm 3 filled with a metal hydride bed. This results in the following reactor requirements:
r The reactor needs to be filled and emptied under welldefined clean conditions. r Possibility to add gas impurities to the feed gas, such as CO, CO 2 , and CH 4 , and also measure the vent gas concentration levels. desorption cycles, kinetic and thermodynamic effects, and the effect of gas impurities.
r Aimed filling times <1800 s.
B. Reactor construction and specifications
The metal hydride reactor is designed and developed with a reactor body of stainless steel (RVS AISI 316) and has an internal diameter of 2.5 cm and a height of 25 cm, thus able to contain a reactor bed of 123 cm 3 . The reactor can be operated both in continuous flow and dead-end mode, see Fig. 1 . The bed material used in this study is obtained from LabTech Int. Ltd. and is based on an Al doped LaNi 5 compound.
Although the operating temperature and pressure range of the reactor allow for a wide range of metal hydrides to be tested, here LaNi 5 -Al is used because its hydrogenation characteristics are known and can be used for calibration purposes. [40] [41] [42] [43] [44] Furthermore, it has a high absorption capacity, easy activation, moderate hysteresis, and fast hydriding and dehydriding rates. The used amount of LaNi 5 -Al is 161.27 g which results in a columnar bed of 9.5 cm high and 2.5 cm in diameter (∼46.6 cm 3 ). Although this is a heavy metal hydride, it is recognized that this material has a wide range of practical applicability. 39, 45 The reactor is filled in an anaerobic dry glovebox (during filling H 2 O and O 2 levels < 100 ppm) to prevent oxidation and contamination effects. The bed material is contained in the reactor by several micromesh filters (Sika-R 0,5). This allows hydrogen to flow freely through the filters to reach the storage material. A total of nine thermocouples with an In the reactor wall, a coil heat exchanger is constructed with a diameter of the flow-channel of 8 mm. As heat exchanger fluid, we use MARLOTHERM R SH Heat Transfer Fluid, allowing operating temperatures between 30 and 350
• C. The temperature of the heat exchanger fluid is controlled by a Julabo high temperature circulator HT30-M1 with C.U.-cooling unit, allowing for heating, cooling, and isothermal experimental conditions. The feed gas flow is in the opposite direction of the oil flow. A central heater inside the reactor can provide extra power during hydrogenation experiments if required. The reactor is sealed by flanges on the top and bottom which compress o-rings to ensure a proper seal from a few mbar up to 75 bar of hydrogen pressure. Safety controls prevent the reactor from being overheated and a pressure relief valve opens in case the pressure becomes too high. The influence of hydrogen contaminations can be investigated real time using a CompactGC, which can sample both the feed gas composition and the gas from the reactor bed during desorption.
A schematic representation of the experimental reactor setup is shown in Fig. 3 . The metal hydride reactor is placed in an insulated housing and the gas and heat exchanger fluid inlet and outlet are connected using swagelock fittings. The setup enables hydrogen filling and emptying at a set temperature and gas flow rate. The whole reactor setup can be preflushed with nitrogen (purity 5N) and hydrogenated from a high pressure hydrogen cylinder (purity 5N). The feed flow can be heat traced if required and flows typically range from 0.274 to 13.7 Ln/min. All heat and mass flows, to and from the reactor, are monitored by various flow controllers, thermocouples, and pressure gauges, which are connected to the control and data acquisition system. The setup is designed in such a way that the reactor can be removed from the setup to handle the reactor bed inside a glovebox.
III. EXPERIMENTAL PROCEDURE
After placing the (filled) reactor, the whole setup is flushed with N 2 and subsequently pumped vacuum. Once the reactor reached the set temperature, hydrogenation experiments can be performed. All experiments described here are done in dead-end reactor configuration, however, hydrogenation experiments with a certain flow over the bed are also possible. To determine the dead-volume of the setup/reactor, empty reactor filling experiments are performed with both N 2 and H 2 at different temperatures and feed flows. In this way, a total setup volume of 390 cm 3 (tubing, components, reactor, etc.) is determined. Since we are interested in application oriented filling times, the reactor can also be filled at feed flows exceeding the hydrogen uptake rate of the metal hydride (nonequilibrium conditions).
A. Calibration and corrections
The hydrogen storage capacity of the bed can be determined with three methods. First, the empty reactor volume is determined by filling it under well-defined conditions (flow, pressure (P), and temperature (T)). With this obtained volume, the storage capacity is calculated by correcting for the volume not occupied by the storage material. With the second method, the storage capacity of the reactor bed is determined by filling the reactor with N 2 and subsequently by H 2 under identical conditions. The difference between the N 2 and H 2 loading curves is due to the hydrogen absorption by the reactor bed. Here, we use a third approach; the empty reactor is filled with a hydrogen flow at different conditions which are used as reference measurements, see Figs. 4 and 5. Furthermore, these empty reactor filling experiments show that no hydrogen is absorbed by the setup itself and for a constant feed flow, a steady and linear pressure increase is obtained. Furthermore, temperature has only a small influence on the pressure-time development of the empty reactor. 
B. Enthalpy of formation
By measuring the pressure development as function of feed time (∼ the amount of hydrogen added to the reactor), pressure-capacity-temperature (PCT) isotherms can be constructed which are qualitatively analogous to "classical" pressure composition isotherms (PCT) obtained with standard volumetric or gravimetric methods.
The S 0 and H of the hydrogen absorption processes are determined from the temperature dependence of the plateau pressures in the PCTs according to the Van 't Hoff relation, 46 ln
with H the enthalpy of formation in J(mol H 2 ) −1 , S 0 is the entropy of formation in J K −1 (mol H 2 ) −1 at standard pressure p 0 = 1.013 × 10 5 Pa, R is the gas constant, T is the absolute temperature, and p is the H 2 equilibrium plateau pressure of the PCTs. If, in a first approximation, S 0 is mainly determined by the loss of entropy when gaseous H 2 is absorbed by the metal hydride, i.e., S 0 ∼ − S H 2 = −130.684 J(K mol H 2 ) −1 at 10 5 Pa and room temperature, then hydrogen storage material for practical applications will have an enthalpy of formation which is in the order of -40 kJ(mol H 2 ) −1 . 47 This implies that any application which operates at a hydrogen feed pressure of 1 bar at room
IV. RESULTS AND DISCUSSION
The hydrogenation behavior of a reactor filled with a LaNi 5 -Al bed is shown in Fig. 6 for the first four hydrogenation cycles. The applied hydrogen pressure is plotted (up to 40 bar) versus loading time at a H 2 feed flow of 0.5 Ln/min and a reactor set temperature of 30
• C. Figure 7 shows the hydrogen storage capacity (in mol H 2 ) of the reactor bed as a function of hydrogen pressure. In both figures also the hydrogen filling of an empty reactor at 0.5 Ln/min and 23
• C is shown as a reference. The first hydrogenation cycle shows an interesting feature. Although it is obvious from loadings 2, 3, and 4 that the LaNi 5 -Al bed absorbs hydrogen readily at low hydrogen pressures, the first hydrogenation cycle shows no hydrogen uptake up to 29.6 bar. The pressure development follows the empty reactor filling characteristics up to 29.6 bar after which a sudden pressure decrease occurs. The metal hydride starts to absorb hydrogen and this hydrogen uptake rate is higher than the hydrogen feed flow, resulting in a pressure decrease. After the bed is saturated (at around 2800 s), the pressure increases again at a rate comparable to that of filling an empty reactor. In contrast to the first hydrogenation cycle, the second, third, and fourth cycles do not show this "activation" barrier and the cycles are comparable. The observed activation barrier is most probably related to hydrogen embrittlement, a restructuring of the microstructure of the metal hydride and a surface oxide layer. Hydrogen embrittlement plays an important role, as the reactor bed may pulverize upon repeated cycling (as is the case for the LaNi 5 based compounds). This may result in a more dense bed and thereby increasing the pressure drop over the bed, change the stress distribution and heat transfer through the bed. For hydrogen embrittlement different mechanisms are proposed such as the formation of high pressure bubbles, 48 a reduction in surface energy, 49 a reduction in the lattice cohesive force, 50 hydrogen interaction with dislocations, [51] [52] [53] [54] [55] and hydride formation.
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The time required for a full hydrogenation of the reactor bed is obvious from the change in slope of the hydrogenation isotherms (around 3000 s). The storage capacity of the reactor bed is determined from the difference between the capacity of the empty and filled reactor, which for a reactor filled with 161.27 g LaNi 5 -Al, results in 1.06 mol H 2 and corresponds to a gravimetric storage capacity of 1.36 wt. %, in agreement with literature data.
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A. Pressure capacity temperature isotherms
The isothermal hydrogenation measurements of the reactor bed are a key element in determining the material performance for any hydrogen storage application. By measuring the hydrogen pressure as a function of filling time at a set feed flow, we are able to construct pressure-capacity-temperature isotherms. Figures 8 and 9 show typical hydrogen loadings at feed flows 0.5 and 1.0 Ln/min (nonequilibrium) in the temperature range • C up to a hydrogen pressure of 40 bar both as a function of time and capacity. The pressure development of the isotherms shows a hydrogenation behavior which is comparable to standard PCT isotherms obtained with Sieverts' like methods. 58 At the start, the slow pressure increase with time corresponds to the plateau pressure of the two phase region of the metal hydride bed. The plateaus resulting from the coexistence of the α and β phases show a slope, which is most likely due to a combination of stress development and nonequilibrium filling effects. The width of the plateaus reduces (and the slope increases) as a function of increasing temperature indicating the proximity of the critical temperature. As a result, the storage capacity of the reactor bed also decreases strongly with increasing temperature from 1.36 wt. % at 30
• C to ∼0.39 wt. % at 170
• C, see Fig. 10 where the storage capacity of the LaNi 5 -Al bed is plotted as a function of temperature. The storage capacity of the LaNi 5 -Al bed is determined by the storage difference between the empty and the reactor filled with a bed. The reduction of storage capacity at increasing temperature is an important issue as certain applications can only operate at higher temperatures and thereby require a storage bed at a comparable temperature to be functional and efficient.
From the pressure capacity isotherms we are able to construct Van −1 are found. Thus a higher feed flow merely results in a shift to higher pressures but does not influence the slope ( H). These values underestimate the ones reported in literature (∼30 kJ H 2 −1 for LaNi 5 ; Refs. 59, 60, and 61), which is most likely caused by the set temperature of the reactor heat exchanger, the actual bed temperature development during hydrogen absorption and the contact between the bed material and the thermocouple. Part of future work will be aimed at optimizing, scaling, and correcting these effects. 
B. Heat development
The heat development inside the reactor depends strongly on the hydrogen feed flow, set temperature, kinetics, and thermodynamics of the used bed. 40 For storage applications, the filling time is an important property and thus so is the heat management. To determine how the heat development in the reactor is influenced by the different process parameters, we first examine the hydrogen absorption as a function of feed flow at a set temperature of 50
• C, see Fig. 12 . Due to fast absorption kinetics, the hydrogen pressure only slightly increases at a feed flow of 0.5 Ln/min until the metal bed is saturated after which a steep increase in pressure follows. At this feed flow and set temperature, the bed is filled in about 2800 s with a local bed temperature increase of only 2
• C. At higher feed flows of 1.0 and 3.5 Ln/min the bed temperature increases by 5 and 17
• C, respectively, whereas the filling time reduces to 700 s at 3.5 Ln/min. The point where the temperature changes from increasing to decreasing corresponds to a fully hydrogenated reactor bed. Furthermore, at high feed flows the bed is not yet saturated at 40 bar and when the feed flow stops the pressure decreases slightly. Furthermore, the hydrogen absorption process at higher feed flows is hindered by this extra temperature increase as the exothermic hydrogen absorption reaction rate is more favorable at lower temperatures.
The axial temperature evolution of the bed is in shown in Fig. 13 for a feed flow of 3.5 Ln/min at a set temperature of 50
• C. Also the pressure development inside the reactor is plotted for clarity. At this high feed flow, the system is no longer under isothermal conditions and the local temperature of the bed increases strongly as pointed out by thermocouples G and H. The thermocouples G and H are in the bed whereas thermocouple E is just at the top of the bed, which explains the sudden change in temperature measured by thermocouple E. The small increase in temperature indicated by the other thermocouples is caused by the heat exchanger oil passing by. The local bed temperature reaches a maximum of about 66
• C after which the temperature decreases again when the absorption rate of the bed slows down.
The pressure drop over the reactor bed is related to the heat development and reactor filling time because it influences the filling rate of the reactor. Since the reactor specifications are known, we are in principle able to calculate the pressure drop over the reactor bed by using the Ergun equation. However, there is a strong dependence on the specific bed properties, such as grain size and form, which changes as function of cycling. 62 Therefore, the pressure drop is measured over the reactor bed at a set temperature of 50
• C for different feed flows of 0.5, 1.0, and 3.5 Ln/min, see Fig. 14. At the onset of the hydrogen feed flow (t = 0) a peak in the pressure drop over the bed is observed which is related to the switching of the flow controller. Thereafter the pressure drop decreases to almost constant values between 0.05-0.13 bar for all three feed flows. Furthermore, the pressure drop linearly increases with the length of the bed which needs to be considered in the construction of a real storage reactor since a long thin tubular reactor bed makes heat management more easy whereas a short and wide bed reduces the pressure drop. 
V. DISCUSSION AND CONCLUSIONS
In this paper, we demonstrated the functionalities of a newly designed and developed multipurpose metal hydride storage reactor capable of testing various novel developed metal hydrides. A typical LaNi 5-x Al x metal hydride bed is used for testing the functionalities of the setup. Reactor beds can be tested under various conditions of feed flow, temperature, pressure, and gas composition. It is possible to perform either measurements with a flow or dead-end reactor at isothermal conditions. In addition, it is possible to determine the storage capacity of metal hydride bed in good agreement with literature values for bulk quantities of storage material within the temperature range from 25 to 350
• C at pressures up to 75 bar.
Furthermore, if the gas flow is not too high as compared to the hydrogen absorption rate then PCT-like measurements can be performed, which are comparable to "classical" PCT measurements as obtained by Sieverts' like setups. However, the entropy and enthalpy values found are somewhat lower as compared to values reported in literature.
Instead of performing an isothermal measurement, a certain temperature ramp can be given to the heat exchanger making it possible to perform temperature desorption experiment resembling TPD measurements.
Our measurements show that the determination of properties of bulk quantities of metal hydride storage materials can be done fast and quite accurate up to high pressures and temperatures at a broad range of flows. The possibility to measure and control all mass and heat flows to and from the reactor enables us to test newly developed materials under a large variety of conditions. By the use of a CompacGC, we will also be able to determine the influence of gas contaminations on the storage properties of the bed for CO, CO 2 , CH 4 , N 2 , and O 2 in the range of 10-1000 ppm.
The hydrogenation experiments reported here also indicate challenges for solid state hydrogen storage systems. For example, one can aim at high filling rates, that is for onboard storage applications, however, two counteracting processes determine the effective hydrogenation of the reactor bed. First, a high feed flow is required, however, if this feed flow is higher than the uptake rate of the material, a pressure decrease (absorption by the bed material) will occur after the filling process is stopped, increasing the effective filling time. Second, a high filling rate causes, due to the exothermic reaction, a (local) increase of the bed temperature and thereby a lowering of the efficient storage capacity of the tank. Furthermore, at high filling rates the heat management of the tank becomes more and more challenging. Even with a heat exchanger with a high cooling capacity, local heating effects of the bed cannot be excluded.
Filling times below 4 min lead to a considerable amount of heat that needs to be removed from the storage system, see Fig. 15 . Here it is shown that even with a modest amount of storage material, the local bed temperature increases (depending on the properties of the used material, set temperature, and feed flow). The maintaining of isothermal conditions is challenging although the heat exchanger should be able to control the temperature in the range of a few degrees for both hydrogen absorption and desorption.
The hydrogenation reactor presented here differs in many aspects from generally used characterization setups for metal hydride research. The broad range of different hydrogen storage materials requires a wide range of measurement conditions. Temperatures from room temperature up to 500
• C in combination with pressures in the range from mbar to 100 bar are not uncommon, which requires a great flexibility of the characterization techniques. In general, these (classical) techniques use only a few mg up to 1 g of storage material examined under equilibrium conditions. The techniques most used for determining the hydrogen storage capacity are gravimetric based (TGA), volumetric based (Sieverts) and TPD. The errors made by using these techniques are generally related to the indirect nature of TGA and Sieverts and/or operating near the sensitivity limit of the equipment. For a high pressure TGA a typical accuracy for a 300 mg sample at 1 bar is ∼10 −4 wt. %, while for a PCT Pro-2000, state-of-the-art Sieverts instrument for measuring the sorption properties, measurements can be made at pressures between 0.001 and 200 atm and at temperatures up to 400
• C. This instrument has an estimated accuracy of 0.2 wt. % for a 300 mg sample measured at 101 bar. 39 For comparison, our storage reactor is able to operate in the temperature range from room temperature to 350
• C at pressures between a few mbar up to 75 bar with a storage bed between a few grams up to a few hundred grams. Although the reactor is designed to perform measurements at nonequilibrium conditions, it is possible to determine storage capacities with and error of 0.1 wt. %, temperature desorption profiles (to be published), and enthalpy/entropy of formation values which are comparable with reported literature values. [40] [41] [42] [43] [44] Furthermore, this setup is a device to test storage materials under practical conditions (loading times, quantities, contaminations, and heat management) which are not possible with the previous mentioned techniques. From the diversity of materials and conditions, it is also clear that no single measurement technique will be appropriate for all of the materials that are currently being investigated for hydrogen storage. Therefore, our testing facility enables one to test storage samples under relevant conditions for possible applications by monitoring all heat and mass flows, however crosschecks by other techniques will provide the necessary reference data. Furthermore, by making a few modifications to the reactor section which regulates the hydrogen desorption process, the whole hydrogenation cycle can be controlled and investigated. In addition, once all components (values, flow controllers, etc.) are automated and are integrated in a controlprogram, a realistic driving cycle can be implemented. This will be part of further research and fine-tuning of the reactor setup.
In conclusion, we have developed a realistic downscaled hydrogen storage reactor which can be operated under conditions reflecting a day-to-day use, designed to study the main characteristics of the absorption process and the effects of the most important operating conditions. The absorption process is characterized by the exothermic hydrogenation reaction and consequently the absorption rate mainly depends on the successful heat and mass transport of the reactor. The heat exchanger and used feed flow are found to have a significant effect on the hydrogen absorption properties.
